ABSTRACT: In this work, we have examined the ultrafast dynamics of shape-and composition-controlled bimetallic Au/ Ag core/shell nanostructures with transient absorption spectroscopy (TAS) as a function of Ag layer thickness (0−15 nm) and pump excitation fluence (50−500 nJ/pulse). Our synthesis approach generated both bimetallic nanocubes and nanopyramids with distinct dipolar plasmon resonances and plasmon dephasing behavior at the resonance. Lifetimes obtained from TAS at low powers (50 nJ/pulse) demonstrated minimal dependence on the Ag layer thickness, whereas at high power (500 nJ/pulse) a rise in electron−phonon coupling lifetime (τ 1 ) was observed with increasing Ag shell thickness for both nanocubes and nanopyramids. This is attributable to the stronger absorption of the 400 nm pump pulse with higher Ag content, which induced higher electron temperatures. The phonon−phonon scattering lifetime (τ 2 ) also rises with increasing Ag layer, contributed both by the increasing size of the Au/Ag nanostructures as well as by surface chemistry effects. Further, we observed that even the thinnest, 2 nm, Ag shell strongly impacts both τ 1 and τ 2 at high power despite minimal change in overall size, indicating that the nanostructure composition also strongly impacts the thermalization temperature following absorption of 400 nm light. We also observed a shape-dependent trend at high power, where τ 2 increased for the nanopyramids with increasing Ag shell thickness and nanostructure size, but bimetallic nanocubes demonstrated an unexpected decrease in τ 2 for the thickest, 15 nm, Ag shell. This was attributed to the larger number of corners and edges in the nanocubes relative to the nanopyramids.
■ INTRODUCTION
Bimetallic nanostructures, where two metals are coupled together in a core−shell architecture, are of tremendous interest since their optoelectronic properties can be manipulated by not only tuning their shape and size, but also by controlling the composition of the two metals achieved by tuning the core−shell ratio. The unique characteristics of bimetallic nanostructures have recently enabled their use in several applications, including biomedicine, 1−5 surface-enhanced spectroscopies, 6−9 and photovoltaics, 10−13 among others. We recently reported the synthesis and catalytic properties of bimetallic gold core/silver shell nanostructures 14 (Au/Ag NSs) and demonstrated their role in plasmonic enhancement of photocatalysis and emerging solar cells. 15−18 In this work, we explore the ultrafast excited-state dynamics of these Au/Ag NSs in aqueous media with transient absorption spectroscopy (TAS). TAS is a time-resolved pump−probe approach where the electron distribution of metal nanostructures is selectively excited by a femtosecond pump pulse and the resulting relaxation dynamics are monitored by a timedelayed spectrally broad probe pulse. This excitation pulse gives rise to broadening of the plasmon absorption band, and as a result, a transient photobleach (PB) band is observed in the TAS spectrum. The decay of the PB band provides characteristic relaxation times as hot electrons in metal nanostructures thermalize with the nanostructure lattice through electron− phonon interactions followed by heat release to the surrounding medium via phonon−phonon scattering. 19−21 Electron−phonon relaxation typically occurs within 1−5 ps following excitation, and phonon−phonon relaxation is known to occur in longer time scales of >100 ps. 22−27 Characteristic decay times of electron−phonon relaxation are dependent on the rise in electron temperature correlated to the power of the pump pulse and linearly increases with pump energy fluence. 28 Phonon−phonon scattering is impacted by several factors, including nanostructure size, composition, and surface chemistry. 29−33 TAS studies, therefore, enable us to understand the optical, optoelectronic, and optothermal behavior of metal nanostructures to ultimately enable their use in relevant technological applications.
While the ultrafast dynamics of monometallic nanostructures have been thoroughly studied in the past 2 decades, 19,20,24,34−38 few reports have been devoted to bimetallic nanostructures. 25,39−42 Here we studied the excited-state relaxation dynamics of core/shell Au/Ag NSs of two different geometries, nanocubes and nanopyramids, which result from our seedmediated synthesis approach. We examined the electron− phonon and phonon−phonon lifetimes as a function of the Ag shell thickness surrounding the Au nanocrystal core, varied between 0 and 15 nm, and as a function of the pump energy fluence, varied between 50 and 500 nJ/pulse. Our results demonstrate that, at low laser powers, size and compositional effects have minimal impact on the relaxation dynamics of Au/ Ag NSs. However, at high pump power, the composition of the Au/Ag NSs controls the absorption of the 400 nm pump pulse, which directly impacts the electron−phonon coupling lifetimes. The phonon−phonon scattering lifetime is influenced by the size of Au/Ag NSs as well as by the presence of surface ligands. We also observe an unexpected shape-dependent trend in the lifetimes associated with the larger number of edges and corners of the nanocubes relative to the nanopyramids. The results of this work will provide fundamental insight into the physical properties of core/shell nanostructures and guide the design of new shape-, size-, and composition-controlled bimetallic nanostructures. We expect this will ultimately enable their use in a range of photothermal and photoelectric applications where these characteristic electron−phonon and phonon−phonon interactions will improve the overall efficiency of the processes being investigated.
■ EXPERIMENTAL METHODS
All reagents were purchased from Sigma-Aldrich unless otherwise specified and were used as received without further purification. Ultrapure water was used for nanostructure synthesis.
Nanostructure Synthesis. Au Nanocube Synthesis. All nanostructures used in this study were synthesized by following procedures described in our previous work.
14 Au nanocubes (Au NCs, 0 nm Ag) were prepared following a seed-mediated growth process. In a 20 mL vial, 7.5 mL of 100 mM cetyltrimethylammonium bromide (CTAB), 2.75 mL of H 2 O, and 0.25 mL of 10 mM HAuCl 4 were combined and equilibrated to 35°C. An amount of 600 μL of freshly prepared, ice-cold 10 mM NaBH 4 was injected to the mixture and stirred vigorously for 1 min. It was then returned to the 35°C water bath where it was left undisturbed for 1 h to form the seeds. A growth solution was prepared by the sequential addition of 6.4 mL of 100 mM CTAB, 0.8 mL of 10 mM HAuCl 4 , and 3.8 mL of 100 mM ascorbic acid to 32 mL of H 2 O. Seeds were diluted 10-fold with H 2 O. An amount of 20 μL of diluted Au seeds was added to the growth solution, mixed gently by inversion, and then placed in the 35°C water bath to react for 5 h. Prior to Ag shell growth around the Au NC cores, a ligand exchange was performed. CTAB-capped Au NCs were spun down in 7.5 mL aliquots at 1100 rcf for 15 min (×3). The supernatant was removed, and the Au NC pellet was washed and soaked in 3.75 mL of 20 mM cetyltrimethylammonium chloride (CTAC) for 15 min. After the final spin, the CTACcapped Au NCs were redispersed in 500 μL of H 2 O, and these were used as the final precursor for all Ag growth reactions.
Ag Shell Growth. A uniform standard silver shell (8 nm Ag) was formed by combining 400 μL of Au NC precursor with 100 μL of 10 mM KBr in 10 mL of 20 mM CTAC and placed in a 65°C water bath. After 10 min, 100 μL of 10 mM AgNO 3 and 300 μL of 100 mM ascorbic acid were added and the concoction was mixed by inversion before being place back in the 65°C water bath and allowed to react for 2 h. To form the thin Ag shell (2 nm Ag), the same procedure was followed; however, the reaction was slowed by using a 35°C water bath and stopped at 2 min. Thick Ag shells (15 nm Ag) were grown by following the same procedure with one modification: 200 μL of 10 mM AgNO 3 was added to increase the amount of Ag in the reaction from 0.5 to 1.0 μmol. The concentration of ascorbic acid addition was also increased to 600 μL.
Sample Preparation for TAS. Prior to transient absorption measurements, nanostructures were concentrated by centrifugation in order to achieve optimum optical density for the TAS experiments. Particles were redispersed in the remaining supernatant to ensure the presence of CTAC that was necessary to prevent aggregation of nanostructures during measurements.
Characterization. All optical absorbance spectra of the various nanostructures were taken using a Varian Cary 5000 UV−vis−NIR spectrophotometer. Transmission electron micrographs and scanning transmission electron microscopy− energy-dispersive spectrometry (STEM−EDS) maps were obtained using an FEI Tecnai Osiris transmission electron microscope at 200 kV.
Transient Absorption Measurements. Femtosecond transient absorption measurements were conducted using a home-built pump−probe setup based on a femtosecond laser system that utilizes seed pulses from a titanium sapphire oscillator (Micra, Coherent), amplified by a Ti:sapphire amplifier (Legend USP-HE, Coherent) to provide 800 nm femtosecond pulses (2.5 mJ/pulse), operating at 1 kHz repetition rate with 40 fs pulse durations. The Legend amplifier is pumped by a Nd:YLF laser (Evolution-30, Coherent). A small portion of the output of the amplifier (∼4 μJ/pulse) is focused on a sapphire window (2 mm thick) to generate a white light continuum (WLC) probe (450−900 nm). To minimize temporal chirp in the spectrally broad probe, a set of parabolic mirrors was used to collimate and focus the WLC on the sample. The transmitted probe was focused onto 100 μm core fiber coupled with a spectrometer/CCD (USB2000ES, Ocean Optics). The pump pulse at 400 nm is generated by doubling ∼50 μJ/pulse of the 800 nm fundamental in a BBO crystal. The pump beam passes through a delay line to allow control of time delay between the pump and the probe. In order to measure absorbance changes between every two successive laser shots, the pump beam was chopped at a frequency of 500 Hz. At the sample, the spot sizes of the pump and probe pulses were 150 and 50 μm, respectively. The samples were held between two quartz windows with a 200 μm spacer, and the experiments were performed without flowing. The pulse energy of the pump was varied between 50, 100, 250, and 500 nJ/pulse using a neutral density filter, corresponding to energy fluences at the sample of ∼0.07, 0.14, 0.36, and 0.71 μJ/ cm 2 , respectively.
source. Ag layer thickness was controlled by manipulating the Ag concentration, temperature, and reaction time, the details of which are provided in the Experimental Methods section. Nanostructure morphology, composition, and Ag layer thicknesses were characterized with high-angle annular dark field (HAADF) STEM provided in the Supporting Information ( Figure S1 ). EDS elemental mapping confirms the Ag layer thicknesses surrounding the Au NC core ( Figure 1 ). The synthesis of Au NC cores ( Figure 1a ) yields a mixture of ∼60% rounded edge nanocubes and 40% truncated nanocubes, as determined in our previous work. 14 While the morphology of the Au/Ag NSs remains unchanged with the growth of the thin 2 nm Ag shell ( Figure 1b , Figure S2 ), with the thicker Ag shells the morphology evolves to well-defined Au/Ag nanocubes and nanopyramids stemming from the rounded-edge and truncated nanocubes, respectively. Additional transmission electron microscopy (TEM) images confirming the shape and size of Au/Ag NSs are provided in the Supporting Information ( Figure  S3 ). Shape heterogeneity is a consequence of most seedmediated growth processes, 44−47 and is often considered undesirable. However, our recent work on the use of these bimetallic nanostructures in enhancing the efficiency of solar cells 15−18 demonstrated broad-band solar photon absorption and substantial increases in efficiencies in the plasmonenhanced devices as a result of the shape mixture. Therefore, in this study we examine the ultrafast dynamics of the distinct optical resonances that arise from the two geometries, nanocubes and nanopyramids, as well as study the impact of their overall composition to ultimately understand their role in improving optoelectronic devices.
The evolution of the optical properties of the Au/Ag NSs with increasing Ag layer thickness (Figure 2a) indicates a strong plasmon mode at ∼545 nm for the Au NC cores. While the growth of 2 nm Ag shell introduces slight broadening and blueshift in the plasmon resonance, no additional peaks are observed due to low Ag concentration. With increasing Ag shell thickness to 8 and 15 nm, a second strong dipole resonance is observed at ∼620 nm corresponding to the bimetallic nanopyramids, a quadrupole mode is observed at 475 nm associated with the bimetallic nanocubes, and other higherorder modes associated with the corners of the nanopyramids/ nanocubes are observed at 410 and 350 nm. These plasmonic modes are discussed in detail in our previous work.
14,15 Spectral broadening and red-shift with increasing Ag shell thickness are attributable to phase retardation and radiation damping, which result from increasing nanostructure size.
48−51
The corresponding normalized transient absorption (TA) spectra at 1 ps time delay, near the time of maximum bleach, for all the samples are shown in Figure 2b . The data was normalized to the maximum bleach amplitude to enable comparison of the TA dynamics eliminating any effects from the concentration of the samples that impacts the magnitude of the peaks. We have also provided the non-normalized TAS data for each sample in the Supporting Information ( Figure S4 ). The capping ligands on the nanostructures were not removed prior to the TA measurements to avoid aggregation during measurements. Any undesirable thermal effects in the aqueous medium should be minimal since low pump energy fluences were used in these studies. Samples were pumped at 400 nm and probed from 450 to 900 nm. The ultrafast TA dynamics of Au/Ag NSs evolves similar to the steady-state absorption measurements where a negative photobleaching band (PB1) centered at 530 nm is observed for the Au NC core (0 nm Ag). The laser pump at 400 nm perturbs the electron distribution in the metal nanostructures, resulting in an increase in electron temperature. This broadens the plasmon band and gives rise to the photobleach at the band maximum, 530 nm, whereas absorption in the wings of the band appears as positive signals centered at 490 and 580 nm. The dominant PB1 feature is observable for all samples (Figure 2b ), and shifts with the 2 nm Ag shell Au/Ag NSs due to the changes in surrounding The recovery of the PB1 band, which correlates to the Au/Ag nanocubes, as a function of Ag layer thickness is shown in Figure 3a for low-power (50 nJ/pulse) and Figure 3d for highpower (500 nJ/pulse) measurements. Following femtosecond excitation of the bimetallic nanostructures, the electron distribution of the metal is subjected to ultrafast changes where the incident energy is thermalized by the electrons via electron−electron scattering giving rise to a "hot" electron distribution around the Fermi level. 52 These hot electrons ultimately relax back to equilibrium and thermally equilibrate with the nanocrystal lattice through electron−phonon scattering. 20, 37, 53 Subsequently, heat is released to the surrounding medium via phonon−phonon scattering, a phenomenon that has been extensively harnessed in photothermal therapies. 3, 54 Electron−phonon decay in metal nanostructures typically occurs in time scales of 1−5 ps, whereas phonon−phonon interactions occur in several hundred picoseconds, which is not only driven by the nanostructure size, composition, and surface chemistry, but also by the excitation energy. 21, 22, 36, 39 These characteristic time scales for the Au/Ag NSs were determined by fitting the experimental data (symbols) with a biexponential decay function (smooth lines) that yielded fast (τ 1 ) and slow (τ 2 ) time components at both 50 nJ/pulse (Figure 3 , parts b and c) and 500 nJ/pulse (Figure 3 , parts e and f). The electron−phonon scattering lifetimes of metal nanostructures are more accurately determined using sub-100 nJ/pulse power because low laser powers induce minimal perturbation of the electron distribution in the metal, giving rise to nominal increase in electron temperature in the range of 100−200 K. 55 The electron−phonon, τ 1 , (Figure 3b ) lifetimes obtained at 50 (Table 1 ) and no clear trends are seen in τ 2 . This indicates that at low laser powers, the Au/Ag NSs composition and increasing dimensions have nominal impact on the electronic lifetimes specifically in the size regime we have probed. The decrease in τ 1 at 50 and 100 nJ/pulse (Table 1) observed for the 15 nm Ag shell sample is likely due to some aggregation of the nanostructures in the solution.
We further examined the electronic behavior of the Au/Ag NSs at a higher laser power (500 nJ/pulse) and observed that the electron−phonon lifetime, τ 1 , (Figure 3e ) increases with increasing Ag layer thickness in the 2−5 ps range, which is attributable to photothermal effects in these nanostructures. With increasing Ag shell thickness, their ability to absorb the 400 nm pump pulse improves due to the interband transition of Ag in the UV. The absorption of the pump pulse induces an initial rise in electron temperature which increases with Ag thickness, resulting in longer electron−phonon coupling lifetimes. The phonon−phonon scattering, τ 2 , (Figure 3f ) also increases with Ag layer thickness and is within the 700−1200 ps range. Our observed τ 2 lifetimes at 500 nJ/pulse are higher than the time scale reported for metal nanoparticles in the 5−30 nm size, [21] [22] [23] [24] 26, 37 likely contributed by the size effects of the >50 nm dimensions of our Au/Ag NSs, as well as contributed by surface chemistry effects. Since the mean free path of electrons in Au and Ag is ∼40 nm, 20 ,56,57 a larger nanostructure size would result in slower relaxation of excited electron−hole pairs and longer τ 2 . Previous studies have reported similar observation where electron relaxation lifetime scales with size and decreasing surface area to volume ratio. 58, 59 Additionally, the presence of surface ligands, CTAB and CTAC, also plays a strong role in the longer lifetimes. The presence of the ligands is necessary to prevent aggregation of the nanostructures during measurements. The amount of CTAB and CTAC required to keep the nanostructures in suspension in aqueous media exceeds the critical micelle concentration. This gives rise to the formation of stable bilayers of the surfactant on the surface of the nanostructures. Due to the hydrophobic nature of CTAB/ CTAC, direct contact between the Au/Ag NSs and the aqueous media is unlikely. Heat flux from the nanostructures to the aqueous media is slowed by resistances caused by interfacial thermal conductance between the nanostructure and the surfactant, as well as surfactant and surrounding media, which increases the lifetime. 32, 33, 60 It is also notable that both τ 1 and τ 2 are altered significantly at 500 nJ/pulse for the 2 nm Ag shell Au/Ag NSs despite minimal change in size and optical properties relative to the Au NC cores. This suggests that at higher laser powers, even a thin Ag layer can sufficiently enhance absorption of excitation light at 400 nm and impact the electron−phonon and phonon−phonon lifetimes. However, as shown in Figure 3a −c and Table 1 , minimal change is observed in lifetimes at the lower power. This further affirms that the presence of the Ag layer impacts the absorption of the pump laser and the corresponding electron temperature is driven entirely by the pump fluence.
We also monitored the recovery of the second photobleaching band (PB2) at ∼620 nm, correlating to the plasmon relaxation of the bimetallic nanopyramids, at both 50 and 500 nJ/pulse (Figure 4, parts a and d, respectively) . Experimental data were fit with a biexponential decay function, and the extracted electron−phonon lifetimes (τ 1 ) for the 50 nJ/pulse measurements show minimal change with increasing Ag layer thickness (Figure 4 , parts b and c) similar to the recovery of PB1 observed for the nanocubes at low power (Figure 3a−c) . While the phonon−phonon lifetimes (τ 2 ) appear to increase with increasing Ag, the low signal-to-noise ratio of the measurements for 15 nm Ag shell results in a large error bar The Journal of Physical Chemistry C Article (Figure 4c) , diminishing the accuracy of the extracted time constant. Conversely, the extracted electron−phonon (τ 1 ) and phonon−phonon lifetimes (τ 2 ) at 500 nJ/pulse clearly show an increase with thicker Ag shells (Figure 4 , parts e and f), which is correlated to the increasing nanostructure size, surface chemistry effects, and absorption of the 400 nm pump pulse ( Table 2 ). The decrease in τ 1 at 50 and 100 nJ/pulse (Table 2) observed for the 15 nm Ag shell nanopyramids sample is likely due to some agglomeration of the nanostructures in the solution. Further, we also observe an unexpected behavior at 500 nJ/pulse that is strongly shape-dependent. First, the phonon−phonon coupling lifetime, τ 2 , for the nanopyramids is in the sub-600 ps range (Table 2) , faster than τ 2 observed for the nanocubes (Table 1 ). This observation is correlated to the excitation of the nanostructures at 400 nm. While both nanocubes and nanopyramids have higher-order modes that absorb near 400 nm, the strong dipole resonance of nanocubes at ∼530 nm is relatively closer to the 400 nm excitation than the dipolar resonance of the nanopyramids at ∼620 nm. This suggests that the nanocubes absorb more energy from the excitation pulse, resulting in a higher thermalization temperature due to an increase in heat capacity of the electron gas, and thus requiring longer dissipation times, which result in longer τ 2 . 24, 25 Second, at 500 nJ/pulse, τ 2 decreases for the thickest Ag shell (15 nm) Au/Ag nanocubes (Figure 3f) but not for the Au/Ag nanopyramids (Figure 4f ). While more experiments will need to be done to elucidate the exact mechanism of this shapedependent phenomenon, it may be correlated to the larger number of edges and corners of the nanocubes relative to the nanopyramids.
To further examine the influence of excitation energy on electron dynamics of Au/Ag NSs, two additional excitation energies were probed so that samples of all Ag shell thickness were systematically studied at 50, 100, 250, and 500 nJ/pulse corresponding to pump fluences of ∼0.07, 0.14, 0.36, and 0.71 μJ/cm 2 . Representative plasmon bleach recovery kinetics at 530 nm (PB1) for the 2 nm Ag shell Au/Ag NSs is shown in Figure  5a with increasing pump fluence. All the samples were probed at the four excitation energies, and τ 1 and τ 2 were obtained from biexponential fits of the experimental data shown in Table  1 . Note that the electron−phonon coupling times, τ 1 , for all samples demonstrate a linear dependence with increasing pump power (Figure 5b ). Since the number of phonons in the nanocrystal is limited, higher pump powers result in longer decay lifetimes. This behavior is explained by the twotemperature model which states that higher pump powers result in higher electron temperatures which gives rise to longer relaxation times due to the temperature dependence of electron heat capacity. 26, 27, 38 Note that the linear slope of thermalization lifetimes as a function of excitation energy increases with increasing Ag layer attributable to a rise in electron temperature. We also measured the photobleach recovery kinetics at 620 nm (PB2) correlating to the nanopyramids, and representative spectra for the 8 nm Ag shell Au/Ag NSs are shown in Figure 5c . A similar trend was observed in the electron−phonon lifetime for the 8 and 15 nm Ag shell samples (Figure 5d ), which suggests that, regardless of nanostructure shape, the thickness of the Ag layer governs the absorption of the 400 nm pump pulse and the higher the pump fluence, the longer the lifetime of the Au/Ag NSs.
■ CONCLUSION
In summary, we have demonstrated the ultrafast dynamics of Au/Ag core/shell nanostructures with Ag shell thicknesses varying from 0 to 15 nm and the corresponding impact of shape and composition control on the electron−phonon coupling and phonon−phonon scattering lifetimes. Our synthesis resulted in both bimetallic nanocubes and nanopyramids with distinct optical properties and corresponding relaxation dynamics at the plasmon resonances. TAS measurements at low power show that both electron−phonon and phonon−phonon lifetimes have minimal dependence on the Ag layer thickness, whereas at high powers both lifetimes rise with increasing Ag shell. At high pump fluence, the amount of Ag directly correlates to the absorption of the 400 nm pump laser and the rise in electron temperature, which then strongly impacts the electron−phonon coupling lifetime. The phonon− phonon scattering lifetime is affected by both the size of the Au/Ag nanostructures, which determines the time scale for heat dissipation, as well as the presence of surface ligands, which controls the interfacial thermal conductance. In addition to composition-dependent trends, we also observe an unexpected shape-driven phenomenon at high-power measurements. Whereas electron−phonon lifetime increased with increasing Ag shell thickness for both bimetallic nanocubes and nanopyramids, phonon−phonon lifetime decreased for the thickest Ag shell nanopyramids. We correlated this trend to the larger number of edges and corners in nanocubes relative to nanopyramids. We anticipate this fundamental study will enable deeper understanding of the ultrafast optical behavior of bimetallic shape-controlled nanostructures to ultimately allow their use in a range of applications, including optoelectronics, sensing, contrast-enhanced imaging, and cancer therapeutics.
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